ABSTRACT: Ruthenium(II) hydrotris(pyrazolyl)borate chloro complexes bearing picolyl-functionalized N-heterocyclic carbenes [TpRu-(κ 2 -C,N-picolyl-
R

I)Cl] (picolyl-
Me I = 3-methyl-1-(2-picolyl)imidazol-2-ylidene) (1a), picolyliPr I = 3-isopropyl-1-(2-picolyl)imidazol-2-ylidene (1b), picolylMe 45DClI = 3-methyl-1-(2-picolyl)-4,5-dichloroimidazol-2-ylidene (1c), picolylPh I = 3-phenyl-1-(2-picolyl)imidazol-2-ylidene (1d), picolylMe BI = 3-methyl-1-(2-picolyl)benzoimidazol-2-ylidene (1e)) have been synthesized and characterized. Furthermore, cationic carbonyl derivatives 2a−e have been prepared, characterized, and used to study the donor properties of the picolylcarbene ligands (picolyl-R I) via infrared spectroscopy. Also, the reactivity of the 16-electron species [TpRu(κ 2 -C,N-picolyl-R I)] + , in situ generated using NaBAr 
■ INTRODUCTION
Bidentate N-heterocyclic carbene (NHC) based ligands have been widely used in organometallic chemistry for the synthesis of homogeneous catalysts. 1 The potential hemilability of the new donor group, capable of reversible dissociation from the metal center, 2 has led to the synthesis of NHCs functionalized with phosphine, 3 pyrimidine, 4 ether, 5 thioether, 6 carboxylate, 7 indenyl, 8 oxazoline, 9 and pyridine. 10 Ligands with nitrogen donors have attracted most attention; particularly, metal complexes bearing pyridine functionalized NHCs of Ir, 11 Ag, 12 Pd, 13 Ru, 14 and Ni 15 have been synthesized. Among nitrogen donors, picoline has been used to generate N-picolyl-NHC ligands, which can be easily synthesized with different substitution patterns on the picoline ring and the NHC. 16 This leads to a versatile ligand group toward the study of coordination properties.
Since its introduction by Trofimenko in 1966, the hydrotris-(pyrazolyl)borate (Tp) ligand has been extensively used as a spectator ligand in transition metal chemistry because it binds strongly to metals and is resistant toward electrophilic and nucleophilic attacks. 17 Tp is generally compared with C 5 R 5 due to the fact that both of them donate the same number of electrons (6 electrons) and adopt a facial geometry generating typically half-sandwich complexes. However, there are noteworthy differences between the two ligand classes. 18 The cone angle of Tp is close to 180°well above the 100°and 146°e stimated for C 5 H 5 and C 5 Me 5 , respectively. Thus the steric bulk of Tp disfavors higher coordination numbers of the metal center. Also, Tp ligand has lower field strength compared with C 5 R 5 ligands, with its nitrogen atoms acting as σ donors, while C 5 R 5 group is capable of π donation. Besides, the [TpRu] + preferentially adopts a six-coordinated structure, in contrast with C 5 R 5 analogues that are capable of forming sevencoordinated species. Ruthenium compounds with cyclopentadienyl type ligands have been broadly studied because they are able to give rise to metastable 16-electron species with many potential catalytic applications. 19 Particularly, halfsandwich ruthenium complexes bearing monodentate NHCs have proven to be active in olefin metathesis, 20 racemization of chiral alcohols, 21 alkyne dimerization, 22 and isomerization of allylic alcohols. 23 Also, our group has recently synthesized a series of [(η 5 -C 5 Me 5 )Ru(κ 2 -C,N-picolyl-NHCs)CH 3 CN][PF 6 ] complexes and studied the influence of N-heterocyclic carbene ligands in catalytic transfer hydrogenation of ketones and imines. 24 However, ruthenium hydrotris(pyrazolyl)borate complexes bearing NHCs are rare; to the best of our knowledge, only two examples of Tp−ruthenium complexes bearing a monodentate NHC have been reported. In 2001, Grubbs and co-workers published the synthesis of [(κ . 26 Thus, Tp−ruthenium complexes containing functionalized N-heterocyclic carbene ligands have not been reported, and they represent a new ruthenium scaffold for the exploration of reactivity and its application on several catalytic processes.
Our group has broad experience with the stoichiometric chemistry of hydrotris(pyrazolyl)borate ruthenium complexes bearing PR 3 , P,P, and P,N ligands. 27 We aim to replace the phosphine fragment by an NHC to study the effect of the new ligands in the reactivity of the metal center. In this work, we describe a series of novel hydrotris(pyrazolyl)borate ruthenium-(II) picolyl-NHC complexes in which the ligands have been varied systematically. In addition, small molecule activation is an area of interest, considering its significant impact in several biological, industrial, and environmental processes. The in situ generation of the 16-electron fragment, [TpRu(κ 2 -C,N-picolyl-NHC)] + , using a halide scavenger, NaBAr F 4 (Ar F = 3,5-bis(trifluoromethyl)phenyl), allowed us to study the reactivity of the new ruthenium compounds toward small molecules, such as CO, N 2 , CH 3 CN, H 2 , CH 2 CH 2 , S 8 , and O 2 . The crystal structures of [TpRu(κ 2 -C,N-picolyl- + , 5b. There is only one additional example of structural characterization of a TpRu dinitrogen bridged complex containing PCy 3 as a ligand. 28 ■ RESULTS AND DISCUSSION Synthesis of κ 3 -Hydrotris(pyrazolyl)borate Picolyl-NHC Ru(II) Complexes. The Ru(II) neutral complexes 1a− e (Scheme 1) have been prepared upon treatment of the metal precursor [TpRu(COD)Cl] with a solution of the appropriate silver carbene, previously generated via reaction of silver oxide and picolyl imidazolium salts, a-e, in 1,2-dichloroethane.
Initially, the synthetic route of choice was the in situ generation of the free carbene by treatment of the picolyl imidazolium salts with a strong base (i.e., Li n Bu or KO t Bu) in THF, followed by the addition of the metal precursor. However, a mixture of products and starting material, as evidenced in the 1 H NMR spectra of the reaction mixture, was obtained in all cases. TpRu(PPh 3 ) 2 Cl was also used as an alternative metal precursor, but the presence of coordinated phosphine in the generated products was evident in every attempt, in addition to an uncharacterizable mixture of complexes. Hence, the transmetalation method was the route of choice to afford the new Ru(II) complexes 1a−e, given that we had previously synthesized [(η 6 -p-cymene)Ru II (picolyl-NHC)Cl][PF 6 ] using this method. 29 It is very important to note that after the metal precursor is added, the reaction mixture needs to be heated at high temperatures (150°C) to complete the transmetalation process and that the desired products were not synthesized using a solvent other than DMF. Previously, Kirchner and coworkers have demonstrated that the COD ligand in the [TpRu(COD)Cl] precursor is substitutionably inert; only prolonged heating and high temperatures in boiling DMF led to [TpRu(L 2 )Cl] or [TpRu(L) 2 Cl] (L = PPh 3 , py, PCy 3 , AsPh 3 , CH 3 CN; L 2 = tmeda, dppm, acac) products. 30 In our case, the silver picolyl-carbenes are stable under these conditions, and upon heating the reaction mixture for 5 h at 150°C, 1a−e were obtained in high yields (over 78%) in all cases. The new Ru(II) compounds were characterized by 1 H and 13 
C{
1 H} NMR and elemental analysis. All these ruthenium picolyl−NHC complexes are very soluble in THF, acetone, and chlorinated solvents but insoluble in other solvents such as hexane, Et 2 O, and petroleum ether.
1 H NMR spectra of compounds 1a−e lack the C 2 imidazolium proton resonance signals at 10−12 ppm, indicating the coordination of the C 2 carbene carbon to the metal center. Also, there are two characteristic AB doublet signals with coupling constants of 14−15 Hz corresponding to the methylene bridge protons, which become diastereotopic after coordination of the ligands to the Ru atom given the κ 2 -C,N coordination. One of the methylene proton signals is particularly shifted to a lower field, up to 7.2 ppm, in comparison with other ruthenium picolyl−NHC complexes. 29 1e. It is possible to explain this observation due to destabilization in the imidazolium ring conjugation produced by the attached benzene ring, which leads to a lower electron density in the C 2 carbon. In addition, this behavior was evidenced in the previous synthesis of the (η 5 -C 5 Me 5 )Ru and (η 6 -p-cymene)Ru picolyl-NHC analogues. 24, 29, 31 Crystals of 1b suitable for X-ray diffraction were obtained by slow diffusion of hexane in a dichloromethane solution. ORTEP diagram of the ruthenium(II) complex is displayed in Figure 2 . From the mother liquor, a second set of 1b crystals was obtained, which showed residual silver bromide with the composition 1b·0.35AgBr. Its structure has been determined by X-ray analysis ( Figure S1 in Supporting Information).
As far as we know, no structure containing TpRu and a chelating NHC ligand has been previously described. The octahedral geometry of Ru in 1b is distorted with the greatest deviation from linearity in the axis Cl(1)−Ru(1)−N(1), 172.86(9)°, and bond angles between ligands in cis, ranging from 84.35°to 95.23°. Imidazolyl and pyridyl rings form a dihedral angle of 52.24(23)°. These rings are almost aligned with the pyrazolyl rings trans to them, forming dihedral angles of 10.78 (38) °for the imidazolyl ring and 14.10(38)°for the pyridyl ring, respectively. The bond lengths corresponding to Ru(1)−Cl(1), 2.4436(11) Å, and Ru(1)−C(10), 2.000(5) Å, are comparable with those reported for [TpRuClLL′] (L = 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene; L′ = 2-ethoxycarbonylbenzylidene). 26 They are also similar to those found for ruthenium p-cymene complexes containing 3-methyl-1-(2-picolyl)imidazol-2-ylidene) or 3-methyl-1-(2-picolyl)-4,5-dichloroimidazol-2-ylidene) ligands. 29 Ru−N bond lengths increase from 2.046(4) Å for N(1) trans to Cl(1) to 2.131(4) for N(3) trans to the imidazol-2-ylidene carbon C(10). This trans influence is also similar to that found for the above cited ruthenium complex [TpRuClLL′] . 26 The reactivity of the new ruthenium complexes toward small molecules was assessed upon in situ generation of the corresponding 16-electron species via reaction of 1a−e with a halide scavenger, NaBAr . In addition, important differences were observed between the donating properties of the picolyl−NHC ligands; particularly, 2c showed a significantly higher value of stretching frequency (entry 3) in comparison with its analogue 2a (entry 1). These results can be rationalized by the presence of the two chloro substituents in the imidazol backbone of 2c, which led to a less donating imidazolydene ligand and a more electron deficient ruthenium center. Also, N-wingtip substituents have an influence in the donor properties of picolyl− NHC ligands, although less pronounced in comparison with the backbone substituents. Particularly, 2a with a methyl group as wingtip showed the lowest CO stretching frequency (entry 1), while isopropyl and phenyl (entries 2 and 4) derivatives, 2b and 2d, showed higher stretching frequencies, indicating the stronger σ donating power of 3-methyl-1-(2-picolyl)-imidazolydene ligand in comparison with its analogues. Furthermore, the coordination of the carbonyl moiety led to a shift to high field of the C 2 carbene carbon resonance, as was predicted considering the weakening of the Ru−C 2 bond by the presence of a CO ligand. However, no significant differences are observed in the 13 under 1 atm of nitrogen, two dinuclear dinitrogen bridged complexes, 3a and 3′a, were generated (Scheme 3). The dinitrogen complexes, 3a and 3′a, are diastereoisomers given the chiral character of the new ruthenium center in the bridged structure. The mixture of diastereoisomers was characterized by 1 H, 13 C{ 1 H}, and 2D 1 H, 13 C NMR spectra, elemental analysis, IR, and Raman spectroscopy. Complexes 3a and 3′a were isolated as a mixture in a reproducible manner as the only species resulting from the reaction, in ca. 91% yield. The presence of two nonequivalent ruthenium centers is evidenced by the duplication of all proton and carbon signals in the NMR spectra corresponding to Tp and picolylMe I ligands. However, both complexes are very similar in terms of chemical shifts, particularly the Ru−C 2 −NHC carbon bonds in the 13 C{ 1 H} NMR spectrum appeared at 180.5 and 180.4 ppm, respectively. Also, it is very interesting that 3a and 3′a must be almost identical in stability because they are found as a 1/1 mixture, as evidenced by the 1 H NMR integrals. Crystals of diastereomer 3′a were obtained after recrystallization from Et 2 O/petroleum ether (1/2). Although all the crystals evaluated proved to be racemic twinning, a structure was obtained by analysis as the twin of X-ray diffraction data in monoclinic space group Pn. ORTEP diagram of diastereomer 3′a is displayed in Figure 5 . To the best of our knowledge, 3′a is the first TpRu nitrogen bridged complex synthesized using NHCs as ligands.
The structure of 3′a shows the ruthenium atoms in a distorted octahedral geometry, with the largest deviation from shows Ru−N bond lengths of 1.971(6) and 1.884(6) Å. These results are similar to the values found for the related complex [{TpRuCl(PCy 3 )} 2 (μ-N 2 )]. 28 Also, the N−N bond length, 1.124(5)Å, matches the mean value of 1.125(14) Å found for NN ligand bridging two Ru atoms. 33 Like in the case of the previously reported structures of 1b, 2a, and 2d, the carbenic C exhibits the largest trans influence, while the shortest Ru−N distances, 2.035(6) Å for Ru(1) and 2.081(6) Å for Ru(2), correspond to the N atoms opposite to N 2 bridge ligand.
Consistently with the centrosymmetrical nature of the binuclear dinitrogen complex cations, the IR spectra of the mixture lack a band attributable to ν(N 2 ). However, the mixture displayed activity in Raman, showing a medium-weak band at 2091 cm
; considering the similarities in both structures, it is likely to find a coincidental value for ν(N 2 ). The Raman band can be assigned to the symmetric ν(N 2 ) mode, similar to those found for the symmetrical binuclear
In addition, 3a and 3′a demonstrated to be moderately stable, for days, in the solid state toward air exposure. Furthermore, 1 H NMR spectra experiments were performed under argon and nitrogen atmosphere, to evaluate if an equilibrium with the terminal mononuclear dinitrogen complex was observed, according to eq 1 or 2, depending on the case. However, no evidence of the presence of a third species was found. In solution, the mixture of isomers remained unchanged. Also, freeze−pump−thaw degassing experiments showed no evidence of generation of unsaturated species or nitrogen loss.
(1)
Exposure of a fluorobenzene solution of 1b and NaBAr H} NMR, IR, Raman, and elemental analysis. In contrast to 1a, the isopropyl derivative, 1b, led to a single isomer as evidenced by the NMR spectra, where no duplication of signals is observed. A distinctive Ru− C 2 −NHC carbon resonance was observed at 178.3 ppm, in addition to a single characteristic pair of methylene group doublets in the 1 H NMR spectrum at 4.56 and 4.23 ppm, respectively. The NMR spectrum of 3b was recorded under argon and nitrogen atmospheres; in neither case, the dissociation equilibrium as described in eq 1 or 2 was evident. The occurrence of one diastereoisomer can be explained by the larger steric effect of the isopropyl wingtip group, which must favor only one structure. The recrystallization of 3b proved to be very challenging because despite working with numerous solvent mixtures, in no case were the crystals obtained large enough to perform an X-ray diffraction study. Besides, ν(N 2 ) band of 3b in the solid state and in solution is inactive in the IR, but a medium-weak absorption band was observed in the Raman spectrum at 2093 cm −1 , as expected for a centrosymmetrical ν(N 2 ) band. Also, elemental analysis is consistent with the formation of the dinitrogen bridged complex. (picolylMe I = 3-methyl-1-(2-picolyl)imidazol-2-ylidene) in 3′a with 30% probability ellipsoids. Hydrogen atoms have been omitted for clarity. Color code: Ru, dark red; N, blue; C, brown; B, pink.
Inorganic Chemistry In the case of 1c, we were unable to synthesize the dinitrogen derivative. Many attempts of the reaction of the fluorobenzene solution of 1c in the presence of NaBAr F 4 , at room temperature, low temperatures, and with different reaction times, were completed and proved to be unsuccessful.
1 H NMR spectra of the reaction mixtures showed evidence of decomposition products and the presence of some paramagnetic impurities in all cases. However, we continue to study the influence of picolyl−NHC ligands in the coordination of dinitrogen to the new TpRu fragment. The ruthenium complex bearing a phenyl group in the imidazolydene ligand, 1d, was the next substrate and the obtained results were unexpected.
1 H NMR spectrum of the reaction mixture showed a mixture of three complexes, as evidenced by the triple set of doublets corresponding to the methylene bridged carbons of the picolylPh I ligands, as observed in Figure 6 . It was plausible to assume that two compounds in the mixture corresponded to the dinitrogen bridged diastereoisomers, 3d and 3′d, and the third species could be the mononuclear TpRu nitrogen complex, 3″d (Scheme 4). The IR band corresponding to the asymmetrical ν(N 2 ) stretching at 2166 cm −1 confirmed the presence of a mononuclear terminal dinitrogen complex, 3″d, as part of the mixture.
However, the dinitrogen bridged complex, 3′d, was obtained almost quantitatively as yellow crystals after recrystallization. The IR ν(N 2 ) band was inactive in line with a centrosymmetrical complex, and in contrast to methyl and isopropyl derivatives cases, attempts of recording Raman spectra of 3′d were unsuccessful due to the thermal decomposition of the product by the laser. Crystals of 3′d suitable for X-ray diffraction studies were obtained from Et 2 one Ru atom is repeated by symmetry. Like previously described crystal structures in this work, 3′d shows ruthenium in a distorted octahedral geometry. As in complex 3′a, the largest deviation from linearity is found in the N−Ru−NN− Ru−N unit, N(1)−Ru(1)−N(6) 173.59(14)°. Bond angles between ligands in cis are in the range 85.15(14)−95.13(15)°. Imidazolyl and pyridyl rings in the chelating NHC ligands form a dihedral angle of 47.08(18)°. The dihedral angle for the alignment between the imidazolyl ring and the pyrazolyl ring in trans to it is 18.81(11)°, whereas the analogous angle for the pyridyl ring is 13.14(20)°. The dinitrogen bridge ligand binds to Ru with a bond length of 1.941(3) Å. All these values are comparable with those found for 3′a. Also, the carbenic C exhibits the largest trans influence, Ru(1)−N(2) 2.126(4) Å, while the shortest Ru−N distance, Ru(1)−N(6) 2.058(3) Å, corresponds to the N atom opposite to N 2 bridge ligand. However, in contrast to 3′a, the value of 1.103(6) Å for the N− N bond length is in the lower quartile for the reported NN ligand bridging two Ru atoms.
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The NMR spectra of a freshly prepared solution of 3′d yellow crystals recorded under argon atmosphere showed the presence of approximately 91% of this diastereoisomer. The characteristic signal corresponding to the Ru−C 2 −NHC carbon atom appeared at 179.8 ppm, and the methylene bridge protons appeared as the expected pair of doublets at 4.60 and 4.18 ppm, respectively. However, in the course of 24 h at room temperature, an isomerization process to an equivalent mixture of diastereoisomers was observed (Scheme 5). The appearance of another diastereoisomer was confirmed by the decreasing of the 1 H NMR signals corresponding to 3′d and the formation of the new complex 3d (Figure 8) .
When the NMR sample of 3′d crystals was prepared under N 2 atmosphere, three species were detected, as in the case of the reaction mixture, showing the presence of both diastereoisomers and a third compound, the mononuclear dinitrogen complex, 3″d. This behavior can be rationalized considering the process under nitrogen as dissociation equilibrium, according to eq 2. The 1 H NMR spectrum showed three typical sets of methylene bridged doublets (Figure 6) . Also, the 13 C{ 1 H} NMR spectrum showed three signals corresponding to Ru−C 2 −NHC chemicals shifts at 179.9, 179.8, and 190.2 ppm, belonging to 3d, 3′d, and 3″d, respectively. Also, the NMR sample generated under nitrogen atmosphere was freeze−pump−thaw degassed and placed under argon to record the 1 H NMR spectra again. In this case, no changes in the 1 H NMR spectrum of the mixture were observed. When the sample prepared under argon was freeze− pump−thaw degassed and exposed to 1 atm of nitrogen, the equilibrium between dinitrogen bridged complexes and the mononuclear dinitrogen complex was reached upon several hours. The equilibrium constant K eq for the process described in eq 2 and its dependence with temperature has been determined by measuring the concentration of 3d, 3′d, and 3″d in a nitromethane-d 3 solution under dinitrogen at different temperatures, ranging from −15 to 30°C. This led to a value of K eq = 3.4 at 25°C. A van′t Hoff plot ( Figure S2 in Supporting Information) allowed the calculation of ΔH°and ΔS°for the process, and the corresponding values are 4.6 ± 0.2 kJ mol −1 and 27 ± 1 J mol −1 K −1 , respectively. These data suggest that the reaction in eq 2 is entropy driven, and therefore, at high temperatures, the equilibrium favors the formation of the mononuclear dinitrogen complex, 3″d, whereas the dinitrogen dimers formation, 3d and 3′d, is favored by lowering the temperature.
It is interesting that one isomer, 3′d, crystallized preferentially and that, in solution under dinitrogen atmosphere, it slowly transformed into a mixture of diastereoisomers, 3d and 3′d, and the mononuclear dinitrogen complex, 3″d, via a dissociation equilibrium. Similar dissociation patterns of bridging dinitrogen compounds have been observed for a ruthenium(II) complex, cis-[{Ru(acac) 2 (P 
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The benzoimidazol derivative, 1e, reactivity toward nitrogen proved to be similar to the 1d analogue. The reaction of the fluorobenzene solution of 1e and NaBAr + , 3″e. The mixture was characterized by NMR and IR spectroscopy. Particularly, the IR spectrum of the solid obtained from the reaction showed a strong absorption IR band at 2172 cm −1 , indicating the presence of ν(N 2 ) stretching frequencies as a consequence of the occurrence of the mononuclear complex, 3″e. The 1 H NMR spectrum showed three typical sets of methylene bridged doublets as shown in Figure 9 . Also, the 13 C{ 1 H} NMR spectrum showed three signals corresponding to Ru−C 2 −NHC chemicals shifts at 195.8, 195.9, and 205.9 ppm, belonging to 3e, 3′e, and 3″e, respectively. Attempts of recording the Raman spectrum were unsuccessful due to sample decomposition by the laser. The equilibrium constant K eq for the process described in eq 2 using the benzoimidazolydene derivative and its dependence with temperature has been determined by measuring the concentration of 3e, 3′e, and 3″e in a nitromethane-d 3 solution under dinitrogen at different temperatures, ranging from −15 to 30°C. This led to a value of K eq = 2.2 at 25°C. A van′t Hoff plot ( Figure S3 in Supporting Information) allowed the calculation of ΔH°and ΔS°for the process and the corresponding values are 6.8 ± 0.4 kJ mol −1 and 30 ± 2 J mol
, respectively. These data suggest, as in the case of the phenyl derivative, that the reaction is entropy driven favoring the formation of the mononuclear dinitrogen complex, 3″e, at high temperatures.
No major differences were observed in terms of the donor properties of the picolyl−NHC ligands on the TpRu metal center, based on the CO stretching values of the carbonyl derivatives (Table 1) . However, it is clear that the reactivity toward nitrogen is dramatically influenced by the picolyl−NHC ligands used. The same reaction conditions led to an equimolar mixture of nitrogen bridging diastereoisomers, as was the case for 1a, or a single diastereoisomer when 1b was used as starting material. Complex 1c did not allow the isolation of any dinitrogen derivative, while 1d and 1e led to a mixture of the bridging diastereoisomers and the terminal nitrogen mononuclear complex in solution. It is likely that steric effects play a big role, when the generation of the nitrogen derivatives takes place. Furthermore, the occurrence of different diastereoisomers can be justified by the formation of prochiral pentacoordinated 16-electron species with a two legs piano stool geometry, [TpRu(κ 2 -C,N-picolyl-NHC)] + . Steric effects may affect the equilibrium of the unsaturated species, which implies that, for different imidazol wingtips, it is unlikely to obtain the same mixture of complexes. The case of the benzoimidazol derivative is particular, considering the rigidity of the ligand benzoimidazolydene in comparison with the imidazolydene analogue, which might explain the differences observed in terms of the generated dinitrogen complexes. Also, it is interesting that these nitrogen derivatives are labile and may be used as catalysts in several transformations. We are currently investigating the catalytic applications of these new complexes.
Additionally, our group has reported the reactivity of Tp− ruthenium(II) phosphine complexes, but no similar equilibrium behavior was observed because the terminal mononuclear derivatives were obtained in all cases. 39 Only when cyclopentadienyl ruthenium(II) phosphine complexes were used as starting products some dinitrogen bridging complexes were generated. showed the typical characteristics of a coordinated CH 3 CN ligand with a singlet proton resonance of integral three at 2.20 and 2.21 ppm, for 4a and 4b, respectively, as well as a coincidental carbon resonance at 3.93 ppm. The acetonitrile derivatives were also characterized by elemental analysis. Furthermore, 4a−b were synthesized by treatment of a fluorobenzene solution of 1a−b with NaBAr F 4 in the presence of acetonitrile.
Reactivity of 1a−e with H 2 . Several attempts of binding H 2 into the vacant coordination site at room temperature and lower temperatures failed to yield the desired products. The expected dihydrogen complexes were not synthesized in any case, but many decomposition products were observed in the reaction mixtures, presumably due to the instability of the in situ generated unsaturated TpRu 16-electron species. Additionally, the reaction under dihydrogen atmosphere was carried out in the presence of a base (ie. NaOH or KO t Bu) to afford the corresponding Ru−hydride derivatives, but in no case were the expected products obtained.
Reactivity of 1a−e with CH 2 CH 2 . The coordination of olefins to transition metal complexes has attracted much attention, given the fact that the activation of olefins is a key step in several catalytic processes. Recently, Gunnoe and coworkers have reported the participation of an ethylene intermediate when TpRu(L)(NCMe)Ph (L = 2,6,7-trioxa-1-phosphabicyclo[2,2,1]heptanes, PMe 3 , P(pyr) 3 , P-(OCH 2 ) 3 CEt) complexes are used as catalysts in olefin hydroarylation reactions. 40 Also, Delaude and co-workers described the synthesis and catalytic applications of homobimetallic ruthenium−arene complexes bearing phosphine or NHC ligands starting from a ruthenium−ethylene complex. 41 Furthermore, Severin and co-workers reported the use of dinuclear ruthenium−ethylene complexes and its application in atom transfer radical addition (ATRA) and atom transfer radical polymerization (ATRP) reactions. 42 Thus, we decided to study the reactivity of the new ruthenium(II) picolyl−NHC complexes 1a−e toward ethylene.
A fluorobenzene solution of 1a and NaBAr + , 44c at higher field, 37.3, 47.3, 39.9, 33.3, and 46.9 ppm, respectively, indicating the presence of a CC bond with stronger double bond character in the TpRu complex, 5a. Continuing the reactivity study, a fluorobenzene solution of the isopropyl analogue, 1b, and NaBAr F 4 under ethylene atmosphere was allowed to react at room temperature for an hour. The η 2 -ethylene derivative, 5b, was obtained in almost quantitative yield, 97%, as yellow crystals. Complex 5b was characterized using NMR spectroscopy, and as in the case of 5a, the main spectroscopic characteristic is the low field 13 C{ 1 H} NMR shift of the ethylene carbon at 70.8 ppm. Furthermore, X-ray quality crystals were obtained by slow diffusion of petroleum ether into a concentrated diethyl ether solution. The ORTEP diagram of 5b is displayed in Figure 10 .
In this complex, Ru(II) has a distorted octahedral geometry where the dihapto ethylene ligand formally occupies one coordination site Following the synthesis of complexes 5a−b, several attempts of obtaining the ethylene derivatives of 1c−e were completed. However, in no case was it possible to obtain an isolable product. NMR spectra of the reaction mixtures showed the presence of several compounds as well as some paramagnetic impurities.
Reactivity of 1a−e with S 8 . The interest in transitionmetal complexes with sulfur containing ligands has increased due to their application as model compounds for biological systems. Our group has reported the reactivity of cyclopentadienyl ruthenium(II) complexes bearing phosphine ligands with H 2 S and elemental sulfur. 46 Continuing the reactivity study toward small molecules, the next step was to use elemental sulfur. An excess of elemental sulfur was added to the fluorobenzene solutions of 1a−e and NaBAr The alternating arrangement of the opposite ligand rings around ruthenium is even more regular than in the previous cases described in this work. The dihedral angle between the imidazolyl ring and the pyrazolyl ring in trans to it is 8.59(38)°, whereas the analogous angle for the pyridyl ring is 7.87(25)°, both lower than 10°. Also, the largest trans influence is exhibited by the carbenic C as evidenced by the largest Ru−N bond distance for Ru(1)−N(3), 2.110(3) Å. The disulfide bridge ligand binds Ru with a bond length of 2.218(1) Å, whereas the sulfur−sulfur distance is 1.987 (2) as halide scavenger in the presence of air and dioxygen was investigated. The reactions were carried out in fluorobenzene at room temperature, and in all cases, an immediate color change from yellow−red to green/green−brown was observed. The 1 H NMR spectra of the reaction mixtures showed broad signals indicating the presence of paramagnetic species, generated after oxidation reactions. Crystallization of the reaction mixtures was attempted several times, but no material suitable for X-ray diffraction study was obtained.
■ CONCLUDING REMARKS
In continuation with our research with picolyl−NHC complexes of ruthenium, we have developed a high yield synthetic route to new hydrotris(pyrazolyl)borate ruthenium-(II) NHC complexes, 1a−e. The complexes have been prepared using the transmetalation method from the in situ generated silver carbenes, with the appropriate imidazolium salts and silver oxide, and its reaction with [TpRu(COD)Cl]. In contrast to the ruthenium(II)−arene analogues previously generated by our group, 29 these transformation required high energy to complete the COD ligand substitution. Also, the crystal structure of 1b has been determined. We have studied the influence of picolyl−NHC ligands in the ruthenium center, after systematically varying the imidazolydene ring N-wingtip and backbone substituents, via the synthesis and characterization of the carbonyl derivatives 2a−e.
The reaction of the coordinatively unsaturated [TpRu(κ 2 -C,N-picolyl-NHC)] + species, generated in situ using NaBAr as a halide scavenger, with small molecules indicated that the reactivity is strongly affected by the NHC wingtip and backbone substituents. [TpRu(κ 2 -C,N-picolylMe I)] + reacted with nitrogen to give an equimolar mixture of dinitrogenbridged complexes, 3a and 3′a, while in the presence of ethylene atmosphere or elemental sulfur, led to the isolation of the TpRu η 2 -ethylene derivative, 5a, and the bridged TpRu disulfide complex, 6, respectively. All complexes were spectroscopically characterized, and in the case of 3′a and 6, structurally characterized using X-ray diffraction. In contrast, [TpRu(κ 2 -C,N-picolyliPr I)] + reacted with nitrogen to give a single dinitrogen bridged complex, 3b, and under ethylene atmosphere led to the isolation of the η 2 -ethylene derivative, 5b. However, [TpRu(κ 2 -C,N-picolyliPr I)] + failed to give any isolable product upon reaction with elemental sulfur. It is important to note that 5b is the first example of a structurally characterized (via X-ray diffraction study) ethylene dihapto TpRu complex. The [TpRu(κ 2 -C,N-picolylMe 45DClI)] + species decomposes upon exposure to all small molecules tested, except with CO, indicating the high instability of the + reactivity toward nitrogen generated, after recrystallization, a single dinitrogen bridged complex, 3′d, that in solution isomerizes to a mixture of diastereoisomers, 3d and 3′d, and the mononuclear nitrogen complex, 3″d. Nevertheless, the phenyl derivative unsaturated complex decomposes upon exposure to ethylene and sulfur. The crystal structure of 3′d has been obtained. Furthermore, [TpRu(κ 2 -C,N-picolyl-
+ in the presence of nitrogen led to a mixture of diastereoisomers, 3e and 3′e, and the mononuclear nitrogen complex, 3″e in the solid state and in solution. Besides, the reactivity of 1e proved to be similar to the case of the dichloro and phenyl derivative, failing to give an isolable product after reaction with ethylene and sulfur. The reactivity toward oxygen is independent of the picolyl−NHC ligands, 1a−e, led to uncharacterizable oxidation products. The application of the new hydrotris(pyrazolyl)-borate ruthenium(II) picolyl-R I derivatives generated with these labile ligands in different catalytic processes is ongoing.
Finally, it is important to note that, in all crystal structures reported in this work, the largest trans influence is exhibited by the carbenic carbon of the NHCs. This feature should be considered when studying their reactivity and catalytic applications.
■ EXPERIMENTAL SECTION
General Methods. Unless otherwise stated, all manipulations were carried out under dry nitrogen or argon using conventional Schlenk techniques. Tetrahydrofuran, diethyl ether, and petroleum ether (boiling range 40−60°C) were obtained oxygen and water-free with an Innovative Technology Inc. solvent purification system. Acetonitrile, dichloromethane, dicholoroethane, and dimethylformamide were of anhydrous quality and used as received. All solvents were degassed immediately prior to use. 3-(Methyl)-1-(2-picolyl)imidazolium bromide (a), 50 3-(isopropyl)-1-(2-picolyl)imidazolium bromide (b), 51 3-(methyl)-1-(2-picolyl)benzoimidazolium bromide (e), 52 3-phenyl-1-(2-picolyl)imidazolium bromide, 24 3-methyl-1-(2-picolyl)-4,5-dichloroimidazolium bromide, 24 [TpRu(COD)Cl], 18f and NaBAr F 4 53 were prepared using slightly modified versions of the published procedures. All other reagents were purchased from commercial sources and used without further purification.
NMR spectra were recorded using Varian INOVA 400 MHz, Agilent 500, and Varian Inova 600 MHz spectrometers, and chemical shifts are reported relative to tetramethylsilane, Si(CH 3 ) 4 Representative Procedure for Synthesis of TpRu(κ 2 -C,Npicolyl-NHC)Cl Complexes 1a−e. A suspension of the appropriate picolyl imidazolium bromide (a−e) and silver oxide (1 equiv) in 1,2-dichloroethane was stirred at room temperature in the dark for 3 h. The resulting light yellow mixture was then filtered through a pad of Celite into a suspension of [TpRu(COD)Cl] in DMF and stirred at 150°C for 5 h. The suspension color changed from light yellow to orange and was filtered through Celite to remove silver salts, and the solvent was removed under reduced pressure. The resulting solid was extracted with THF and filtered through a pad of Celite to remove the insoluble residues, and the solvent was removed under reduced pressure. The resulting solid was washed with ether, dried under vacuum, and recrystallized from CH 2 Cl 2 /hexane.
[TpRuCl(κ 2 -C,N-3-methyl-1-(2-picolyl)imidazol-2-ylidene)] (1a). Transmetalation was carried out in 1,2-dichloroethane (15 mL) with [ [{TpRu(κ 2 -C,N-3-isopropyl-1-(2-picolyl)imidazol-2-ylidene)} 2 (μ-N 2 )][BAr [TpRu(κ 2 -C,N-3-methyl-1-(2-picolyl)imidazol-2-ylidene)(CH 3 CN)]-[BAr [{TpRu(κ 2 -C,N-3-methyl-1-(2-picolyl)imidazol-2-ylidene)} 2 (μ-S 2 )]-[BAr Experimental Determination of K eq , for the Equilibrium between 3d, 3′d, and 3″d and 3e, 3′e, and 3″e, and Its Dependence with Temperature.
1 H NMR integrals were used to calculate the percentage in solution of the species involved in the equilibrium. The equilibrium constant for the process shown in eq 2 is
The concentration of N 2 in solution is assumed to be constant (equal to the solubility of N 2 in nitromethane), given the experiment was conducted under a dinitrogen atmosphere in N 2 -saturated solvent. As the solution is saturated with N 2 , the temperature-dependence of the solubility was not taken into account in the equilibrium constant calculation. By measuring the concentration of the species in solution at different temperatures, the corresponding values of K eq can be determined. A plot of ln K eq versus 1/T allowed the calculation of ΔH°and ΔS°for the process.
Crystal Structure Analysis. Crystals of 1b, 2a, 2d, 3′a, 3′d, 5b, 6, and 1b·0.35AgBr suitable for X-ray structural determination were mounted on glass fibers and then transferred to the cold nitrogen gas stream of a Bruker Smart APEX CCD three-circle diffractometer (T = 100 K) with a sealed-tube source and graphite-monochromated Mo Kα radiation (α = 0.710 73 Å), at the Servicio Central de Ciencia y Tecnología de la Universidad de Cadiz. Four sets of frames were recorded over a hemisphere of the reciprocal space by ω scans with δ(ω) = 0.30 and an exposure of 10 s per frame. No significant decay was observed over the course of data collection. Intensity data were corrected for Lorentz and polarization effects and absorption corrections applied using SADABS. 54 The structures were solved by direct methods and refined on F 2 by full-matrix least-squares (SHELX97) by using all unique data. 55 All non-hydrogen atoms were refined anisotropically with hydrogen atoms included in calculated positions (riding model). Racemic twinning 3′a was refined using TWIN and BASF instructions. For 2a, 3′d, and 6, some disordered CF 3 groups in the anion were refined split in two complementary orientations using displacement parameter restraints. The program ORTEP-3 was used for plotting. 56 In the Supporting Information, Table S1 summarizes the crystal data and data collection and refinement details for 1b, 2a, 2d, 3′a, 3′d, 5b, 6, and 1b·0.35AgBr. CCDC 911352−911359 contain supplementary crystallographic data for this article. These data can be obtained free of charge on application to the CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K. Experimental procedures for the synthesis of 1c−e, 2a−c, 3e, 3′e, 3″e, 4b, and 5a, CIF files and crystallographic data for compounds 1b, 2a, 2d, 3′a, 3′d, 5b, 6, and 1b·0.35AgBr, and van't Hoff plots. This material is available free of charge via the Internet at http://pubs.acs.org.
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